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We have developed an experimental virtual sculpting 
system with haptic interface, which allows the user to create a 
freeform model interactively. The virtual sculpting method is 
based on the metaphor of carving a solid block into a 3D 
freeform object. The PHANToMTM manipulator is used to 
provide the position and orientation data of the sculpting tool 
and to generate haptic sensation to the user’s hand during the 
sculpting process. The goal is to provide a high-fidelity 
simulation system with real-time performance and adequate 
accuracy of the generated model. In order to understand the 
limitations on the geometric details that can be generated, we 
perform an accuracy analysis in different aspects. The 
computational complexity due to various parameters of the 
virtual sculpting system is also analyzed. Numerical data are 
presented to verify the analytical results. 
 




Virtual sculpting is a process in which the user creates a 
3D model on a computer screen by interactively carving a 
workpiece like a real sculptor would do on a piece of clay, wax 
or wood. It is well suited for the design of parts with freeform 
geometry, especially at the conceptual design stage [Peng and 
Leu, 2004a]. In conceptual design, the exact dimensions of the 
design part are not determined initially, and the designer is 
more interested in creating part shapes and features. 
Commercial CAD systems such as Unigraphics, Ideas, Catia, 
PRO/E, etc. are powerful geometric modeling tools, but they  
ed From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Userequire precise data for designing objects and do not allow the 
users to implement their ideas on shape and feature design in an 
intuitive manner. 
In the virtual sculpting system we are developing, a 
sculpting tool is controlled by a force-reflective input device 
and the workpiece is represented by full-depth pixel data called 
“dexels” [Van Hook, 1986]. This process starts with a virtual 
block of material, which is removed by the designer 
manipulating virtual tools. Virtual sculpting is implemented via 
a series of Boolean difference operations that subtract 
successive tool swept volumes from the workpiece. The 
Boolean difference is performed between the dexel 
representation of the tool swept volume and that of the 
workpiece by comparing the sorted depth data for each pixel 
[Peng and Leu, 2004b]. On generating surface patches and 
viewing the designed model in different directions, we have 
developed a method to convert dexel data to planar surface 
patches for representing a sculpted solid [Leu et al., 2005]. 
Haptic interface has been incorporated to provide the user with 
a more realistic experience. Force feedback enables the user to 
feel the model creation process like actual sculpting with 
physical materials.  
Interactive features, real-time performance, and accuracy 
of the designed model are the main research concerns of 
developing a virtual sculpting system. Accuracy issues are very 
important because of the requirement of designing highly 
sophisticated models and the desirability of specifying the 
design tolerance in a virtual sculpting system. A volume based 
virtual sculpting system has the major impediments of low 
accuracy and large memory cost. A surface representation 
based virtual sculpting system that deforms the object by 1 Copyright © 2005 by ASME 
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Downlomanipulating the control points of a parametric surface limits 
the intuitiveness of the sculpting process. Furthermore, it is a 
major challenge to form complex shapes in a surface based 
method [Bloomenthal et al., 1997]. Considerable efforts are 
needed to join the parametric patches so that their boundaries 
are geometrically continuous. Based on the dexel modeling 
method, our virtual sculpting system has better precision 
control over a volume based method. However, computational 
cost and memory usage will increase when high accuracy is 
achieved, making real-time performance difficult to attain.  
In order to understand the limitations on the geometric 
details that can be created in our virtual sculpting system, we 
perform an accuracy analysis of the design model in the 
following aspects: 1) accuracy of the Sweep Differential 
Equation method to represent the boundary of the tool swept 
volume, 2) accuracy of the dexel modeling method to represent 
the geometry of the created design model, and 3) accuracy 
affected by the speed of tool movement and frequency of data 
sampling during the sculpting process. The computational 
complexity is investigated, and the relationship between 
computational complexity and modeling accuracy due to the 
above factors is also studied. 
This paper is organized as follows. Related work is given 
in Section 2. The main components of our virtual sculpting 
system are described in Section 3. In Section 4, the accuracy 
due to the dexel modeling method and the swept volume 
generation method is discussed. The analysis of computational 
complexity is also given in this section. Test data and 
discussion of the results are presented in Section 5. 
 
2. RELATED WORK 
Virtual sculpting is “an attempt at the creation of a 
sculptor’s studio-like environment, in which the ‘sculptor’ 
creates complex 3D objects on the computer like molding a 
piece of clay [Parent, 1977].”  Since its inception, a variety of 
techniques have been developed in support of virtual sculpting. 
Up to now, two main approaches are used: surface based 
approach and discrete scalar fields based approach.  
Surface based approaches use implicit surfaces and Non-
Uniform Rational B-splines (NURBS) to represent the surface 
[Li et al., 2001; Wong et al., 2000]. The main disadvantage of 
implicit surface representation is that it is difficult for the user 
to create the shape exactly as desired by manipulating control 
points [Sederberg and Parry, 1986]. It is also a challenge for 
parametric surfaces to form complex shapes. For instance, two 
NURBS surfaces have to be patched together to form a sharp 
feature [Lu et al.,  2002]. 
Discrete scalar fields based methods were derived from 
Blinn's blobby objects [Blinn, 1982] and from the soft objects 
of Wyvill et al. [1986]. The term "sculpting" was often used by 
researchers in late 1980's: for example, 3D paint system 
[Williams, 1990] let the user edit the z-depths of points on an 
object that is formed from the union of two topological disks, 
using color as a proxy for the height. Bloomenthal and Wyvill 
[1990] described an object generated by forming a geometric 
skeleton, associating a potential function with it and drawing 
iso-surfaces of the potential function.  
Van Hook [1986] discretized the scalar field into dexels 
and stored them in an extended Z buffer data structure to 
accomplish real-time shaded NC milling simulation. Galyean 
and Hughes [1991] extended the dexel data into a regular 3D  
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modifying the values in the voxel array and then the voxel data 
is converted to a polygonal surface using a “marching cubes” 
algorithm. Wang and Kaufman [1995] extended the interaction 
to carving by moving 3D voxel based tools within the model. 
The updated regions are indicated directly on the 2D projected 
image of the 3D model.  
Volume sculpting systems using a standard marching 
cubes algorithm produce objects without sharp features. 
Furthermore, sculpting a sophisticated model with high 
resolution grids requires huge memory storage and results in 
poorer system performance. To avoid this problem, researchers 
have exploited the idea of adaptive, multi-resolution volume 
sculpting. Barentzen [1998] proposed an Octree-based volume 
sculpting system, which was used to accelerate ray-casting 
rendering. McDonnell et al. [2001] presented another 
interesting approach, which was based on subdivision of solids 
and surfaces to direct physics-based intersection with the 
sculpted surface, to transparently handle the internal 
subdivision schemes. Perry and Frisken [2001] proposed a 
sculpting system with Adaptively Sampled Distance Fields to 
preserve sharp features with an efficient refinement. Lu et al. 
[2002] developed a volumetric sculpting system using EMC 
[Kobbelt, 2001] to preserve sharp features. However, this 
system used a uniform resolution and it still suffers from 
aliasing, out of range features, and undetected features. 
 
3. VIRTUAL SCULPTING SYSTEM 
The schematic of the virtual sculpting system being 
developed by us is shown in Fig. 1. The system works as 
follows: A virtual tool controlled by an input device (e.g. the 
PHANToMTM manipulator), which is capable of 6-DOF 
positioning/orienting is used to carve a virtual workpiece to 
obtain the design model based on the designer’s intent. The 
design model is obtained by performing Boolean subtraction of 
the successive tool swept volumes from the workpiece. The 
solid modeling part of the system includes a swept-volume 
computation module and a Boolean operation module. The 
solid modeling engine represents the swept volume of the 
cutting tool for each segment of tool path by first generating the 
dexel representations of the tool swept volume and the 
workpiece by scan-converting their boundary representations, 
and then performing Boolean operations between the dexel 






















Figure 1. Schematic of the system configuration 
3.1 Calculating Tool Swept Volume Using SDE 
Method 
Our development of the virtual sculpting system uses the 
sweep differential equation approach [Blackmore and Leu, 2 Copyright © 2005 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downlo1992] with a boundary flow method to generate a boundary 
representation of the tool swept volume along the 6-DOF path 
controlled by the user’s hand holding the stylus of PHANToM. 
The swept volume of the tool is generated from the tool 
geometry and the tool trajectory data. The tool trajectory data 
are obtained by the sensors mounted on the joints of the 
PHANToM device. 
A sweep is a family of rigid motions comprising rotation 
and translation. If we let σt represent a sweep at time t, the 
sweep can be written as  
            0 0( ) x ( ) ( ) ( )t t t B tσ ξ= = +x x  ,                    (1) 
where ξ: [0,1]→ Rn and B: [0,1]→ SO(n) are smooth functions 
representing the translation and rotation of the sweep 
respectively; x0 represents any point on the boundary of object 
M in R3. Solving Eq. (1) for x0 and substituting it into the time 
derivative of Eq. (1), we can obtain the sweep vector field 
                        (2) ( ) ( ) ( ) ( )( ( ))Tt t B t B t tσ ξ= = + −X x x& && ξ
A solid object M is assumed to have a closed boundary 
surface ∂M that is piecewise smooth. M has a smooth boundary 
except for a finite number of edges and vertices. For the 
representation and calculation of swept volumes we can 
partition ∂M at each t into ingress, egress and grazing points.  
The set of ingress (egress) points of M(t), denoted by ∂_M(t) 
(∂+M(t)), consists of all points x ∈ ∂M(t) at which Xσ (x, t) 
points into (out of) the interior of M. Those points that are 
neither ingress nor egress points are called grazing points and 
denoted by ∂0M(t). 
The boundary of the swept volume (excluding initial 
ingress and terminal egress points) of M is given by 
G(M)\W(M), where  
G(M) = ∂_M(0) ∪ ∂+M(1) ∪ {∂0M(t):0<t<1}              (3) 
is the candidate boundary set, which consist of the ingress 
points of object M at t=0, egress points of M at t=1, and all the 
grazing points between t=0 and t=1. W(M) denotes the 
trimming set, which consists of points that belong to the interior 
of some t section of M. The details of the swept volume 
representation can be found in [Blackmore and Leu, 1992]. 
3.2 Dexel Modeling and Graphic Rendering 
Both the tool swept volume and the stock (initial 
workpiece) are represented by a polyhedral boundary 
representation, where the object surface is a faceted 
approximation composed of connected, non-overlapping 
triangles. They are scan-converted to obtain dexel 
representations. Boolean operations on dexels are obtained by 
comparing and merging the z-ranges of the obtained dexels. 
Boolean difference and union algorithms of our sculpting 
system have been discussed in previous work [Peng and Leu, 
2004b]. Dexels are aligned with the viewing vector and the z-
depth values of each dexel are sorted along the viewing 
direction. The dexel model of the workpiece is rendered by 
drawing triangular strips. 
3.3 Haptic Rendering and Interfaces 
Haptics provides the user with a hand–based mechanism 
for more intuitive interaction with the virtual environment. A 
major challenge in simulating force-reflecting virtual sculpting 
is to achieve a good balance between geometric modeling and 
force modeling for simultaneous real-time graphic and haptic 
displays. Our virtual sculpting system enables the user to  
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carve a virtual workpiece for the creation of a freeform model 
with continuous force feedback. The haptic rendering algorithm 
in our system consists of two parts: (a) collision detection and 
(b) force generation, as illustrated in Fig. 2. As the user 
manipulates the stylus of the haptic device, the new position 
and orientation of the stylus are obtained. If a collision is 
detected between the haptic stylus and the virtual workpiece, 
the contact force is calculated using a force model for collision 
response. The force is then conveyed through the haptic device 
to provide the feedback to the user. 
As illustrated in Fig. 2(b), a virtual surface can be modeled 
as an elastic element. The reaction force acting on the tool 
during the interaction is: 
 
p dF k k v= ∆ +x
v  ,                                     (4) 
where  is the stiffness coefficient, is the damping 
coefficient, 
pk vk
∆x  is displacement and v is velocity. For 
frictionless interactions, the reaction force F is normal to the 
surface of the object that the sculpting tool collides with. 
Keeping the stiffness coefficient low would make the surface 












(a) (b)  
Figure 2.  Haptic rendering of a plane 
4. ANALYSIS 
To provide a high-performance simulation system with 
real-time interaction and adequate accuracy of the design model 
is our goal in developing the virtual sculpting system. This 
involves two major issues, i.e. accuracy and computational 
complexity, in determining the capability of our virtual 
sculpting system. Accuracy analysis of the design model is 
performed in the following aspects: 1) accuracy of the Sweep 
Differential Equation method in representing the boundary of 
the tool swept volume, 2) accuracy of the dexel modeling 
method in representing the geometry of the created design 
model, and 3) accuracy due to the speed of tool movement in 
relation to the frequency of data sampling during the sculpting 
process. 
4.1 Accuracy Analysis 
4.1.1 Swept Volume Approximation Error 
We start by summarizing how to apply the SDE method to 
generate the swept volume in the virtual sculpting system. First, 
the tool is approximated by a mesh of triangles. Then the 
tangent function is applied on each triangle to identify the 
grazing points. A time step is selected and grazing points are 
calculated at each time step between t = 0 and t =1. The grazing 
set is finally triangulated to form a closed boundary of the 
tool’s swept volume. 3 Copyright © 2005 by ASME 
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To compute the accuracy of the piecewise linear 
approximation procedure, we assume that the initial object and 
the sweep are piecewise C2, in the sense that they are 
continuous and have continuous first and second derivatives 
except possibly on finitely many lower dimensional sets. For 
example, consider the boundary of a cube consisting of six 
faces: it has a continuous, closed boundary with continuous 
second derivatives except along the twelve edges of the cube. 
The linear interpolation represented by the triangulated 
approximation has an error that can be eliminated by examining 
errors along arbitrary lines in the triangulated boundary of the 
tool’s swept volume. Accordingly it suffices to estimate the 
error associated with linearizing a C2 function [ ]: 0,f l → R , 
which satisfies f(0) = 0, by  
( ) ( )l
xf x f
l
= l  
Using Taylor’s expansion with remainder, we have  
2 2
( ) ( ) ( ) ( )
(0) '(0) ( ) ( (0) '(0) ( )) ( ).
l
xf x f x f x f l
l
x 2f f x O h f f l O h O h
l
− = −
= + + − + + =
       (5) 
Thus, the approximation error of SDE is , where h 
equals to the bigger value of the mesh diameter and the step 
size along the path. 
)( 2hO
In the implementation, the surface of the virtual tool is 
discretized as a triangular mesh before generating the swept 
volume. Here we use a cylinder as an example to illustrate the 
discretization process as shown in Fig. 3. The cylinder is 
divided into m slices along the y-axis of the local coordinate 
system. We approximate the perimeter of the circle on each 
slice as n line segments. The diameter of the triangular mesh of 
the virtual tool is determined by both m and n. The points on 
each slice are tested using the sweep vector field for identifying 
the grazing, ingress, and egress points.  













Figure 3. Virtual tool discretization 
4.1.2 Dexels Generation Error 
Assume that an object is convex and the maximal 
curvature of the object is k and the distance between two 
adjacent rays on a slice is w. As shown in Fig. 4(a), for any 
sphere with radius greater than or equal to 2/w , it can be 
guaranteed that the object is intersected by at least four rays. 
Therefore, to represent an object with a feature which has the 
maximum curvature k, the value of w must be less than 2 / k . 
The error caused by the discretized dexel εS can be obtained 
from Eq. (6); see Fig. 4(b). 
      
2 2( ) ( )
2 S
w r ε+ − = 2r                                      (6)  








Figure 4. Dexels generation error 
4.1.3 Tool Motion Tracking Error 
In the virtual sculpting system, the virtual tool is tracked 
by PHANToMTM to provide its position and orientation data. 
Those data are sampled at a certain sampling rate. The speed of 
the virtual tool and the sampling rate are important factors that 
affect the accuracy of the design model. Assume a feature with 
curvature k needs to be carved as shown in Fig. 5. The designer 
moves the tool along the curve with speed v. The sampling time 
is T.  The length of the arc in Fig. 5 can be written as a function 
of angle θ: 






=                                         (7) 
 The length of the arc can be written as 
                                                                    (8)          vTLarc =





=         (9) 
Therefore, the error εT  can be computed as 
       


















Figure 5. Tool motion tracking error 
Given the curvature k, we can use Eq. (10) to determine 
the tool speed v and the sampling time T that will make the 
error no larger than 
Tε . Therefore, for sampling time T, the 
faster the user moves the virtual tool, the coarser the designed 
model. The design error can be calculated using Eq. (10). 
For example, in our system when the tool moving speed v 
is 0.05m/s, the cutter radius r is 0.02m, i.e. the curvature k is 
50, the sampling time T is 0.1s, by using Eq. (10), and the error 
is 1.565e-4m. In order to achieve an error of 0.0002m (1% of 4 Copyright © 2005 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Dowcutter radius) for a curve with a 0.02m radius, the tool moving 
speed v must be less than 0.0566m/s. 
4.2 Computational Complexity Analysis 
Our virtual sculpting algorithm consists of swept volume 
generation, dexel generation, Boolean subtraction and graphic 
rendering, which are the key components affecting the system’s 















Figure 6. Data flow of geometry modeling process 
4.2.1 Swept Volume Generation 
We use Eq. (3) to generate the boundary of the swept 
volume. Note that the computational cost of generating the 
boundary triangular mesh G(M) resides in the computation of 
the grazing set {∂0M(t):0<t<1}. As before, let h be equal to the 
bigger value of the mesh diameter and the step size along the 
path, the computational complexity of calculating the grazing 
points is O(h-2). To generate the swept volume, we need to 
compute the grazing set at each time step, thus the cost of 
computing {∂0M(t):0<t<1} is O(h-3).  
4.2.2 Dexels Generation and Boolean Subtraction 
The computational complexity of dexel model generation 
consists of two procedures: using scan conversion to convert 
the triangulated object into dexel data and sorting the z-values 
of all the dexels. The dexel generation of the workpiece is 
executed only once before the sculpting process starts. 
However, the dexel generation of the tool swept volume is 
executed at every time step of the geometric modeling process. 
So we only discuss the latter case. Two parameters will affect 
its computational complexity: the number of rays intersecting 
the triangles and the number of dexels on each ray.  
Assume the dimensions of the display screen are Ws and Hs 
in x and y direction, respectively. The number of rays is M N⋅ . 
So the area of one pixel dA  is s s(W H ) /( )M N⋅ ⋅ . The moving 
speed of the tool is denoted by a vector (Vx, Vy, Vz) and the 
sampling time is denoted by T. The maximum area of 
projection of the swept volume on the display screen Av can be 
computed as 
2 2
v x yA V V T B V T B= + ⋅ ⋅ = ⋅ ⋅  
where B is the height of the swept volume. Then, the number of 
rays Nray intersecting the swept volume is  
ray v / /d sN A A V T B M N= = ⋅ ⋅ ⋅ ⋅ ⋅(W H )s  
Denote pi as the number of dexel points on ray i and Nray is the 
total number of rays. For the swept volume, the average  








=∑ Ray . The running 
time of the intersection calculation is ( )rO P , and the running 
time of the sorting calculation is 2( rO P ) . Let It be the calculation 
time of one intersection operation, and Is be the calculation time 
of one sorting operation. Then the total running time of dexels 
generation is ))(( 2rsrt PIPINMVO ⋅+⋅⋅⋅⋅ .  
As described in Section 3.2, the dexel data are stored as an 
ordered link list. The Boolean operation is composed of node 
insertion and deletion operations based on the ordered link list 
of data. It has a computational complexity of 2( )rO V M N P⋅ ⋅ ⋅ . 
4.2.3 Graphic Rendering 
The dexel model of the workpiece is rendered by 
drawing triangular strips. Because dexels are aligned with the 
viewing vector and the z-depth values of each dexel are sorted 
along the viewing direction, only the front views can be 
efficiently displayed. It is obvious that the running time of 
graphic rendering is (O M N )⋅ , where M and N are the numbers 
of rays in x and y directions, respectively. The graphic 
rendering was initially a bottleneck in our development of the 
virtual sculpting system. We developed a local update 
technique for the purpose of real-time graphic rendering [Peng 
and Leu, 2004a]. During the sculpting process the geometry of 
the workpiece keeps changing as the 3D model is being 
sculpted with the tool. However, the geometry changes only 
occur near the sweep path of the tool while the rest of the 3D 
model remains the same. Thus we only update the triangular 
strips within the bounding box of the tool swept volume at each 
time step. The graphic rendering computation has the 
complexity of (O V M N )⋅ ⋅  after applying the local surface 
update.  
 
5. NUMRICAL VERIFICATION OF ANALYTICAL 
RESULTS 
Our virtual sculpting system is implemented and tested 
with a Microsoft Windows XP workstation having a 2.8G Hz 
CPU, with a 512 MB RAM and a GeForce4 MX 420 graphics 
card with 64MB memory. The software program is written in 
Microsoft Visual C++ and the graphic rendering component is 
built on OpenGL and GLUT. Our haptics interface is 
implemented using the PHANToMTM device and the GHOST 
SDK software available from Sensable Technologies [2000]. 
Sculpting is achieved by moving the tool with the PHANToM 
stylus, as illustrated in Fig. 7. 
Figure 7. A chair generated using our virtual sculpting system  
5 Copyright © 2005 by ASME 
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The following example illustrates the computation time of 
using our Sweep Deferential Equation (SDE) method to 
calculate the swept volume. The sculpting tool is a flat-end 
cylindrical tool. The sweep is a three-axis motion and it is 
approximated by tool location interpolation. The tool’s initial 
and final positions are (0, 0, 0) and (10, 10, 0). The length and 
radius of the tool are 200 and 150, respectively. The 
computational time of the SDE with respect to different 
geometric parameters is listed in Table 1. As discussed in 
Section 4.2.1, the computational complexity of the SDE 
algorithm is related to the triangular mesh diameter of the tool 
and the number of time steps. In our implementation of swept 
volume generation of a cylindrical tool, the diameter of the 
triangular mesh is a function of the number of slices m in the y 
direction and the circle slice number n. A binary search 
algorithm is used to find the grazing points. Therefore, the cost 
of computing time is O . The data in Table 1 is 
charted in Fig. 8, which shows that the computational time is 
linearly proportional to .  
2( logm t n⋅ ⋅ )
2logm t n⋅ ⋅
Table 1. SDE computational time  
Geometry Parameters 
Number of Line 
Segments (n) 
Number of 
Time Steps (t) 
Number of 





20 0.0114 5  30 0.0169 
10 0.0108 







20 0.0341 5  30 0.0506 
10 0.0325 
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Figure 8. Time for computing swept volume using SDE 
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e and As illustrated in Table 2, dexels generation tim
Boolean subtraction time are evaluated under different dexel 
resolutions (M by N) and moving speeds (V ). As discussed in 
Section 4.2.2, the computational time has the complexity 
of ( )O V M N⋅ ⋅ . The test is conducted with a cylindrical tool to 
car  from a block. ve material rP  is regarded as a constant in this 
case. Figure 9 depicts that the total computational time of 
dexels generation and Boolean subtraction is linearly 
proportional toV M N⋅ ⋅ .  
Table 2. Dexel generation and Boolean operation time 
Computing Time (Sec) To
M  





( NM ⋅ ) De
G n 
tal  xel Boolean To
eneratio Operation 
300 x 300 0.0097 0.0110 0.0207 
400 x 400 0.0127 0.0205 0.0331 
500 x 500 0.0201 0.0320 0.0521 
50 
600 x 600 0.0290 0.0482 0.0772 
300 x 300 0.0125 0.0178 0.0302 
400 x 400 0.0219 0.0310 0.0529 
500 x 500 0.0339 0.0510 0.0849 
75 
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Figure 9. Dexel generation a d Boolean subtraction time 
 
. CONCLUSION 
veloping a virtual sculpting system is to 
n
6
The goal of de
provide a high-fidelity simulation system with real-time 
performance and adequate accuracy of the design model. How 
to balance the accuracy and computational time is a critical 
issue. We have performed accuracy analysis of the model 
created with our virtual sculpting system in terms of swept 
volume generation, dexel sampling, and tool motion tracking. 
The computational burdens of the different components in the 
virtual sculpting system are also discussed. The analytical 
results are summarized in Table 3. Numerical data are obtained 
from our experimental virtual sculpting system to verify the 
analytical results. The following conclusions can be made from 
our analysis: 6 Copyright © 2005 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Dow1. The number of rays and the tool moving speed are the 
major parameters that affect the accuracy and computation 
2. 




rs affecting the accuracy and computing time of 
 
e 
Operations Error Computation Time 
time of the system.  
As the tool moving speed increases, the accuracy of the 
design model decreas
dexels generation, Boolean subtraction and graphic 
rendering increases linearly with the tool speed. 
Increasing the number of rays will achieve a higher 
accuracy of dexel sampling. But it will t
computing time for the dexels generation, Boolean 
operation, and graphic rendering. The computational time 
of each of these components is proportional to the number 
of rays. 
The mesh diameter and the number of time steps are the 
paramete
the swept volume generation. Having more time steps and 
finer triangles will generate the swept volume with 
increased accuracy in the order of )( 2hO , but it will also 
increase the computing time in the order of )( 3−hO . 
Table 3. Error and computation tim
Tool Motion
Tracking 







)( 2hO  )( 3−hO  
Dexels 
Generation 
2 22)S r r wε = − −
(
( /
(W H ) /( )s s M Nw = ⋅ ⋅ ) 
 




N/A  2( )rO V M N P⋅ ⋅ ⋅  
Graphic 
rendering 
N/A  ( )V M NO ⋅ ⋅  
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